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Rotavirus plus-strand RNAs not only direct protein synthesis but also serve as templates for the synthesis
of the segmented double-stranded RNA (dsRNA) genome. In this study, we identified short-interfering RNAs
(siRNAs) for viral genes 5, 8, and 9 that suppressed the expression of NSP1, a nonessential protein; NSP2, a
component of viral replication factories (viroplasms); and VP7, an outer capsid protein, respectively. The loss
of NSP2 expression inhibited viroplasm formation, genome replication, virion assembly, and synthesis of the
other viral proteins. In contrast, the loss of VP7 expression had no effect on genome replication; instead, it
inhibited only outer-capsid morphogenesis. Similarly, neither genome replication nor any other event of the
viral life cycle was affected by the loss of NSP1. The data indicate that plus-strand RNAs templating dsRNA
synthesis within viroplasms are not susceptible to siRNA-induced RNase degradation. In contrast, plus-strand
RNAs templating protein synthesis in the cytosol are susceptible to degradation and thus are not the likely
source of plus-strand RNAs for dsRNA synthesis in viroplasms. Indeed, immunofluorescence analysis of
bromouridine (BrU)-labeled RNA made in infected cells provided evidence that plus-strand RNAs are syn-
thesized within viroplasms. Furthermore, transfection of BrU-labeled viral plus-strand RNA into infected cells
suggested that plus-strand RNAs introduced into the cytosol do not localize to viroplasms. From these results,
we propose that plus-strand RNAs synthesized within viroplasms are the primary source of templates for
genome replication and that trafficking pathways do not exist within the cytosol that transport plus-strand
RNAs to viroplasms. The lack of such pathways confounds the development of reverse genetics systems for
rotavirus.

Rotaviruses, members of the Reoviridae, are an important
cause of acute gastroenteritis in infants and young children
(15). The virion is an icosahedron composed of three concen-
tric layers of protein with a genome of 11 segments of double-
stranded RNA (dsRNA) (30). The outer layer of the infectious
triple-layered particle (TLP) is made up of the glycoprotein,
VP7, and the spike protein, VP4. The intermediate layer is
formed by VP6 trimers, and the inner layer is formed by the
core lattice protein, VP2, arranged with T�1 icosahedral sym-
metry. Positioned at the vertices of the VP2 lattice are indi-
vidual copies of the RNA-dependent RNA polymerase
(RdRp) VP1, and the mRNA-capping enzyme VP3. Together,
VP1, VP2, VP3, and the dsRNA genome make up the core of
the virion (19).

Rotavirus entry is accompanied by the loss of the VP4 and
VP7 outer layer, thereby converting TLPs to double-layered
particles (DLPs). The RdRp of the DLP functions as a tran-
scriptase to synthesize the 11 viral plus-strand RNAs (18). The
plus-strand RNAs are extruded from DLPs through channels
at the vertices that extend through both the VP2 and VP6
protein layers. The plus-strand RNAs contain 5� caps but lack
3� poly(A) tails and are translated to give rise to six structural
proteins (VPs) and six nonstructural proteins (NSPs). The
plus-strand RNAs also function as templates for the synthesis

of the dsRNA genome segments. RNA replication occurs con-
currently with the packaging of the genome segments into
newly formed cores (25) and is coordinated such that the 11
segments are produced at equimolar levels (24).

Rotavirus infection leads to the formation of perinuclear,
non-membrane-bound cytoplasmic inclusions (viroplasms)
(28). Evidence that NSP2 and NSP5 have critical roles in vi-
roplasm formation was provided by Fabbretti et al. (8), who
demonstrated that these proteins, coexpressed in uninfected
cells, give rise to viroplasm-like structures. Viroplasms are the
putative sites of RNA replication (minus-strand synthesis) and
core and DLP assembly. This hypothesis is based on immuno-
fluorescence (IF) analysis showing that the protein compo-
nents of cores and DLPs accumulate in viroplasms and on
electron microscopic analysis showing that newly made cores
and DLPs assemble near viroplasms (1, 7, 28). These inclusions
are also electron dense, as though rich in RNA. As potential
sources of plus-strand RNAs that can stimulate increased lev-
els of translation and replication, the assembly of progeny
DLPs in the infected cell plays a critical role in virus amplifi-
cation. Since viroplasms represent the likely sites of DLP as-
sembly, amplification can be predicted to be dependent on the
formation of viroplasms.

The mechanism of protein trafficking that leads to the accu-
mulation of viral proteins in viroplasms has not been delin-
eated. Similarly, the source of the plus-strand RNAs that ac-
cumulate in viroplasms and function as templates for dsRNA
synthesis has not been established. However, a favored idea
has been that plus-strand RNAs are made by DLPs located
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outside of viroplasms. Subsequently, the plus-strand RNAs are
either incorporated into polysomes, thereby driving protein
synthesis, or are transported by viral RNA-binding proteins to
viroplasms, where they undergo replication.

The ubiquitous cellular defense mechanism, RNA interfer-
ence (RNAi) (9, 14), has been developed into an important
tool for the study of protein function in virus replication. In
RNAi technology, small 21- to 22-nucleotide RNA duplexes
termed “short interfering RNAs” (siRNAs) are used to target
the degradation of mRNAs through sequence recognition (6,
34). This process is mediated by the incorporation of the
siRNA into a nuclease complex (RNA-induced silencing com-
plex [RISC]) in which the duplex is unwound (23), facilitating
the binding of the siRNA to a complementary mRNA. The
bound mRNA is degraded, resulting in a subsequent loss of the
encoded protein product.

We show here that rotavirus gene-specific siRNAs induced
formation of silencing complexes in infected cells that caused
near-complete reductions in the expression of the nonessential
protein NSP1, the viroplasm protein NSP2, and the outer cap-
sid protein VP7. The loss of NSP2 expression inhibited multi-
ple events, including genome replication. In contrast, the loss
of either NSP1 or VP7 had no effect on genome replication, an
unexpected result given that the degradation of the gene 5 (g5)
and g9 plus-strand RNAs necessary for NSP1 and VP7 trans-
lation was expected to lead to a corresponding loss of plus-
strand RNAs necessary for genome replication. Instead, our
results indicate that plus-strand RNAs, which are located out-
side viroplasms and undergo translation are susceptible to
siRNA-induced degradation, whereas those plus-strand RNAs
which are located inside viroplasms and undergo replication
are not. Thus, plus-strand RNAs residing outside viroplasms
probably cannot serve as the source of plus-strand RNAs that
template dsRNA synthesis within the viroplasm. Indeed, IF
detection of newly made RNAs in infected cells indicate that
the plus-strand RNA templates for dsRNA synthesis are made
within viroplasms. If no mechanism exists for the intracellular
transport of plus-strand RNAs from the cytosol to the viro-
plasm, then the approach of transfecting recombinant plus-

strand RNAs into rotavirus-infected cells as a means of achiev-
ing reverse genetics may fail because of the plus-strand RNAs’
inability to reach the site of RNA replication.

MATERIALS AND METHODS

Cell culture and viruses. Fetal rhesus monkey kidney (MA104) cells were
maintained in minimal essential medium with Earle’s salts (E-MEM) containing
5% fetal bovine serum (HyClone) and 1% GASP (Quality Biological). Rotavirus
strains SA11-5N (27) and DxRRV (22) were propagated, and titers were deter-
mined in MA104 cells. Rotaviruses were activated by incubation with 10 �g of
trypsin per ml at 37°C for 30 min.

siRNA transfection. Duplex siRNAs containing sequences positioned within
the open reading frame of g9 of DxRRV, g5 and g8 of SA11-5N, and g5 of Wa
were obtained from Dharmacon Research (Table 1). All siRNAs were synthe-
sized with 3�-dTdT overhangs. Typically in siRNA experiments, MA104 cells
were grown to near confluency in 12-well plates. After two rinses with E-MEM,
1 ml of the same was placed on each monolayer. A 200-�l volume of Opti-MEM
I (Invitrogen) containing 2% Lipofectamine 2000 (Invitrogen) and 0.3 �M du-
plex siRNA was then added to the medium overlaying each of the monolayers.
After incubation for 4 h, 1 ml of E-MEM containing 20% fetal bovine serum was
added to each of the monolayers. Incubation was then continued for 26 to 28 h.

Virus infection. siRNA-transfected cells were rinsed twice with E-MEM and
infected with DxRRV or SA11-5N at a multiplicity of infection (MOI) of 1. At
1 h postinfection (p.i.) the inoculum was removed and replaced with E-MEM. To
radiolabel proteins, the inoculum was replaced instead with 80% methionine,
cysteine-free MEM and 20% E-MEM, containing 25 �Ci of [35S]-Express Pro-
tein Labeling Mix (Perkin-Elmer Life Sciences) per ml. To radiolabel RNAs, the
inoculum was replaced with 80% phosphate-free Dulbecco MEM and 20%
E-MEM. At 3 h p.i., the medium was supplemented with 25 �Ci of
[32P]orthophosphate (8,000 to 9,000 Ci/mmol) and 5 �g of actinomycin D per ml.

Analysis of proteins produced in vivo. Rotavirus-infected MA104 cells were
scraped into the medium, pelleted, and resuspended in water containing 1 �g per
ml each of leupeptin and aprotinin. After three cycles of freeze-thawing, the
lysates were analyzed by electrophoresis on 10% NuPAGE Bis-Tris gels (Invitro-
gen). Proteins were detected by staining with Coomassie blue and by autora-
diography. 35S-labeled proteins were quantified with a Molecular Dynamics
PhosphorImager 445 SI.

In Western blot assays, proteins were transferred from gels onto nitrocellulose
membranes, and the blots were soaked in phosphate-buffered saline (PBS) con-
taining 5% milk. DxRRV VP7 and VP6, SA11-5N NSP1, NSP2, and VP2 were
detected by using guinea pig antisera prepared against whole RRV (1:2,500),
VP6 (1:1,000), NSP2:NSP1 fusion protein (1:500), and VP2 (1:2000), respec-
tively. The NSP2:NSP1 fusion protein was prepared by modification of the NSP2
bacterial expression vector pQE60g8 (31) to link the C-terminal 19 amino acids
of RRV NSP1 to the C terminus of NSP2 via a GPGP hinge. A His tag was
placed downstream of the NSP1 sequence. The purified protein was used to

TABLE 1. siRNA names and mRNA target sequences

Strain Gene/protein siRNA name mRNA target (nucleotide numbers)a

SA11-5N g5/NSP1 g5A AAUAGCUGAUUUAACCCAUUG (171–191)
g5B AACCACUAUGCAAAGAAAUAC (640–660)
g5C AAUAUUUGAGUUGGGACAUCA (924–944)
g5D AAAUUACAGUGUAUCAUAGAC (310–330)
g5E AAGUAAUGUUAACGUUGGACA (1101–1121)

SA11-5N g8/NSP2 g8A AAAGCUAUGCUGACAGCUAAA (128–148)
g8B AAAGUGACGCAAGCAAACGUC (320–340)
g8C AACACUGAUUGCUAUUGGACA (451–461)
g8D AAAGAAUUAGUCGCUGAACUU (653–673)

DxRRV g9/VP7 g9A AAUUACAGGAUCAAUGGACGC (222–242)
g9B AAUGAUGGUGACUGGAAAGAC (327–347)
g9C AAACGUUAGGGAUAGGUUGUC (650–670)
g9D AACAGCAGAUCCAACAACUAA (861–881)

WA g5/NSP1 IR AACUGCUUCUUGGCUGGAAUG (782–802)

a Target sequences are located within the coding region of the indicated genes. Nucleotide numbers correspond to the 5� and 3� ends of the mRNA target sequence.
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prepare guinea pig polyclonal antisera. VP2 was expressed from the recombinant
baculovirus rBVg2 (26), purified as described previously (33), and used to pre-
pare guinea pig polyclonal antisera. Actin was detected with goat anti-actin
(1:400) antisera (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated
goat anti-guinea pig and rabbit anti-goat antisera at dilutions of 1:10,000 were
used as secondary antibodies. Blots were developed with SuperSignal West Pico
Chemiluminescent Substrate (Pierce) and exposed to BioMax MR film.

Analysis of virion-derived dsRNA. Rotavirus-infected MA104 cells were col-
lected, resuspended in water, subjected to three cycles of freeze-thawing, and
briefly centrifuged to remove large cellular debris. After treatment with 160 U of
DNase I (Ambion) per ml for 30 min at 37°C, dsRNAs were purified by phenol-
chloroform extraction, resolved by electrophoresis on 10% polyacrylamide gels,
and detected by silver staining.

Electrophoretic analysis of cytoplasmic RNA. MA104 cells were scraped into
the medium, pelleted, washed twice with PBS, and lysed by suspension in 100
mM Tris-HCl (pH 8), 150 mM NaCl, 1.5 mM MgCl2, 30 mM EDTA, 1% Triton
X-100 for 5 min. After removal of nuclei by low-speed centrifugation, the lysates
were adjusted to 0.5% sodium dodecyl sulfate and 250 mM NaCl. After phenol-
chloroform extraction, RNAs were collected by ethanol precipitation and resus-
pended in water. RNAs were combined with an equal volume of formamide
sample buffer (98% formamide containing 10 mM EDTA and 1 mg of bromo-
phenol blue per ml), heated for 5 min at 42°C, and analyzed by electrophoresis
on 5% polyacrylamide gels containing 7 M urea. Radiolabeled RNAs were
detected by autoradiography and quantified with a phosphorimager.

Synthesis of RNA probes. The minus-sense probes SA11-g5PR and SA11-g8R
were each made by T7 transcription of DNA templates generated by two se-
quential rounds of PCR. The first round used Pfu Turbo DNA polymerase
(Stratagene), the template DNAs pSP65g5 or pSP65g8R, and the g5- or g8-
specific primer pairs, 5�-GCTTCCTTGACAATGAACCTC-3� and GATTAGA
TGCCACGTAGTTAGG or ATGGCTGAGCTAGCTTGC and CAACTTGA
GAAACTTCGTCC, respectively. The second round used the DNA products of
the first round as templates and the g5- or g8-specific primer pairs ATTCAGT
AATACGACTCACTATAGGGTATATTGATCTTCCTGG and GCTGCATT
TAAGTTTGATGAAAATAATC or TACAGCTAATACGACTCACTATAG
GTGCCATCGAAGTTCAGC and ACGAGTAGTATCAATAAGGC, respec-
tively. (The T7 promoter is underlined).

To produce the minus-sense probes RRV-g4PR and D-g9PR, g4 and g9
cDNAs were made from DxRRV dsRNAs by using the Titan One-Tube RT-
PCR System (Roche) and the primer pairs GTATCGGATCCAACAGACTCA
CTGTTCG and GTGACTGGATCCGGGGTAATGTGTTTGGAG or TATTG
GGATCCTGGTTATGTAACCCAATGG and ATACAGGATCCCCACCAAC
TTGTATTACAGC, respectively. (The BamHI site is shown in boldface.) After
digestion with BamHI, the cDNAs were ligated into the same site of pSP65.
Plasmid DNA containing a g4 or g9 insert was used in amplification reactions
containing primer pairs TCGACTTAATACGACTCACTATAGGGGTAATG
TGTTTGGAG and AACAGACTCACTGTCCG or TCGACTTAATACGACT
CACTATAGGACCAACTTGTATTACAGC and TGGTTATGTAACCCAA
TGG, respectively, to produce templates for T7 transcription.

PCR products were transcribed by using the MegaScript High Yield Tran-
scription kit (Ambion), producing the 300-nucleotide SA11-g5PR, SA11-g8PR,
RRV-g4PR, and D-g9PR RNA probes. Reaction mixtures included 1.87 mM
UTP and 2.5 �Ci of [�-32P]UTP (800 Ci/mmol) per ml and were incubated at
37°C for 18 h. RNA was purified as according to protocols of the supplier
(Ambion), and unincorporated nucleotides were removed with G50 Sephadex
Quick-Spin columns (Roche).

Northern blot analysis of cytoplasmic RNAs. Cytoplasmic RNAs were recov-
ered from MA104 cells by using a Qiagen RNeasy Mini kit, and Northern blot
assays were performed by using a NorthernMax-Gly kit (Ambion) according to
the protocols of the suppliers. After denaturation with Glyoxal, 5 �g per lane of
cytoplasmic RNA was resolved by electrophoresis on 1% Agarose-LE gels (Am-
bion). The mRNAs were passively transferred to nylon membranes for 2 h and
then cross-linked to the membranes by using UV light. The membranes were
incubated in prehybridization buffer (UltraHyb; Ambion) at 68°C for 30 min and
then in hybridization buffer containing 106 cpm of 32P-labeled RNA probe per ml
at 68°C for 24 h. After being washed, the membranes were analyzed by autora-
diography.

Isolation of virus particles by isopycnic centrifugation. MA104 cells in 10-cm
plates were transfected with siRNAs, infected with DxRRV, and radiolabeled
with 35S-labeled amino acids, as described above. At 18 h p.i., the cells were
scraped into the medium and subjected to three cycles of freezing-thawing. After
the removal of cell debris by low-speed centrifugation, virus was pelleted by
centrifugation at 160,000 � g in a Beckman SW40 Ti rotor for 2 h. The pellet was

resuspended in TBS buffer (25 mM Tris-HCl [pH 7.4], 137 mM NaCl, 5 mM KCl,
1 mM MgCl2, 0.7 mM CaCl2, 0.7 mM Na2HPO4, 5.5 mM dextrose), and virus was
banded by isopycnic centrifugation in CsCl (12). Peak fractions containing TLPs
and DLPs were pooled, dialyzed in 2 mM Tris-HCl (pH 7.5)–0.5 mM
Na2EDTA–0.5 mM dithiothreitol, and analyzed by electrophoresis on 12% poly-
acrylamide gels containing sodium dodecyl sulfate.

Detection of viral proteins by IF. MA104 cells were grown to near confluency
on glass coverslips, transfected with siRNAs, infected with rotavirus, and exam-
ined by IF as described elsewhere (35). Cells were fixed with 4% paraformalde-
hyde, permeabilized with 1% Triton X-100, and then incubated with guinea pig
polyclonal NSP2 (1:500) (31) or VP6 (1:500) antisera, rabbit polyclonal NSP1
C19 (1:1,000) antisera (13), or mouse monoclonal NSP5 (1:1,000) (29) antibody.
Anti-guinea pig Alexa Fluor 488, and anti-mouse and anti-rabbit Alexa Fluor
594-conjugated antibodies were used as secondary antibodies. Nuclei were
stained with DAPI (4�,6�-diamidino-2-phenylindole; Pierce). Fluorescence was
detected with a Leica TCS NT confocal microscope. Images were processed by
using Adobe PhotoShop version 7.0.

Detection of newly made RNA in vivo by IF. MA104 cells grown on glass
coverslips in 12-well dishes were infected with SA11-5N at an MOI of 1. The
inoculum was replaced with 1 ml of E-MEM, and at 8 h p.i. the medium was
brought to 10 �g of actinomycin D per ml. At 8.5 h, a 170-�l volume of E-MEM
containing 10 mM BrUTP and 6% FuGene transfection reagent (Roche) was
added to the medium. Cells were fixed at 9 h p.i. and processed for IF analysis
with mouse bromodeoxyuridine (BrdU) monoclonal antisera (Sigma) (1:50),
guinea-pig NSP2 (1:500) (31) antisera and an Alexa Fluor 594 Signal Amplifi-
cation Kit (Molecular Probes).

Detection of sites of transcription by IF. MA104 cells grown on glass coverslips
were infected with SA11-5N. At 8.5 h p.i., the medium was adjusted to 10 �g of
actinomycin D per ml. At 9 h p.i., the cells were semifixed by incubation in 0.5%
paraformaldehyde for 5 min. After a wash with PBS, the cells were permeabilized
by incubation in buffer containing 0.025% Triton X-100, 25% glycerol, and 25 U
of Anti-RNase (Ambion) per ml. The semifixed permeabilized cells attached to
the coverslips were then incubated in transcription reaction mixtures containing
0.5 mM concentrations of ATP and CTP, 1 mM GTP, 3 mM BrUTP, 100 mM
Tris-HCl (pH 7.8), 50 mM sodium acetate, 10 mM magnesium acetate, 0.2 mM
S-adenosylmethionine, 1 mM dithiothreitol, and 25 U of Anti-RNase per ml for
30 min at 23°C. The cells were then fixed with 4% paraformaldehyde for 15 min
and immunostained as described above.

RNase sensitivity of newly made dsRNA. MA104 cells infected with SA11-5N
were maintained in 80% phosphate-free Dulbecco MEM and 20% E-MEM
beginning at 6.5 h p.i. The medium was adjusted to 10 �g of actinomycin D per
ml at 8 h p.i. and 50 �Ci of [32P]orthophosphate per ml at 8.5 h p.i. At 9 h pi.,
the cells were washed with hypotonic buffer (3 mM Tris-HCl [pH 8.1], 10 mM
MgCl2, 10 mM NaCl), resuspended in the same buffer, incubated on ice for 10
min, and disrupted with 15 strokes of a Dounce homogenizer. To obtain the
cytoplasmic extract, nuclei were removed from the lysate by low-speed centrif-
ugation. Portions of the extract were treated for 30 min at 37°C with 50 U of
RNase V1 per ml.

Synthesis and transfection of BrU-labeled RNA. Capped RNAs containing
BrUMP were synthesized by using an mMessage Machine T7 transcription kit
(Ambion), modified such that reaction mixtures contained 7.5 mM concentra-
tions of ATP and CTP, 1.5 mM GTP, 9 mM BrUTP, and 6 mM cap analog. The
mixtures were incubated for 6 h at 37°C and then treated with DNase I. The
RNA products were extracted with phenol-chloroform, precipitated with etha-
nol, resuspended in water, and passed twice through G50 spin columns to remove
unincorporated nucleotides.

BrU-labeled g9 plus-strand RNA was made by including pSP65g9, linearized
with SacII, in transcription reaction mixtures. pSP65g9 was prepared by ampli-
fying SA11 gene 9 dsRNA with the primers GCCTGCAGGTCGACTCTAGAT
AATACGACTCACTATAGGCTTTAAAAGAGAGAATTTCC (T7 promoter
is underlined, and the XbaI site is in boldface) and GGGATCCTCTAGACCG
CGGTCACATCATAC (SacII site is underlined, and XbaI site is in boldface).
The cDNA was ligated into the XbaI site of pSP65.

Transfection of BrUMP-labeled RNAs was carried out under conditions sim-
ilar to those used for siRNAs. Briefly, MA104 cells grown on coverslips in 12-well
dishes were infected with SA11-5N at an MOI of 1. At 1 h p.i., 1 �g of BrUMP-
labeled RNA was transfected into cells by using Lipofectamine 2000. At 9 h p.i.,
the cells were fixed with 4% paraformaldehyde, permeabilized with Triton
X-100, and immunostained with mouse anti-BrdU (1:50) and guinea pig anti-
NSP2 (1:500) antisera.
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RESULTS

Effect of g8-specific siRNAs on virus replication. (i) Protein
synthesis. To test the ability of siRNAs to inhibit the expres-
sion of rotavirus proteins, short duplex RNAs containing viral
gene-specific sequences were transfected into MA104 cells
(Table 1). The following day, the cells were infected with
rotavirus. Expression of viral proteins in the cells was moni-
tored by Western blot assay and by radiolabeling in vivo with
35S-labeled amino acids. Western blot analysis of SA11-in-
fected cells transfected with SA11 g8-specific siRNAs showed
that three (g8A, g8C, and g8D) were highly effective in inhib-
iting the expression of NSP2 (Fig. 1A). Based on comparison
with cells transfected with an irrelevant (IR) siRNA (Table 1),
these three siRNAs reduced NSP2 expression by 80 to 90%.
This extent of inhibition parallels the 80 to 90% transfection
efficiency that we observed in our experiments (data not
shown). Therefore, the failure to reach 100% inhibition of
NSP2 expression with any of the g8-specific siRNAs may
largely reflect the limitation of transfecting siRNAs into the
cells.

Radiolabeling of MA104 cells transfected with g8-specific
siRNAs and infected with rotavirus showed that in cases where
NSP2 expression was inhibited, the expression of the other
viral proteins was inhibited as well (Fig. 1A). The fact that the
IR siRNA failed to suppress viral protein synthesis indicates
that the inhibition caused by the g8A, g8C, and g8D siRNAs
did not stem from a nonspecific induction of antiviral re-

sponses (e.g., interferon and PKR) due to transfection of short
duplex RNAs into MA104 cells. IF staining of the infected cells
also showed that the IR siRNA did not prevent NSP2 and
NSP5 from mediating the formation of viroplasms (Fig. 2A). In
contrast, inhibition of NSP2 expression by the g8D siRNA led
to a nearly complete inhibition of viroplasm formation. Given
the essential contribution of NSP2 to the formation of viro-
plasms, the absence of these structures in infected cells con-
taining the g8D siRNA is expected.

(ii) RNA synthesis. Polyacrylamide gel electrophoresis
(PAGE) analysis showed that viral dsRNA synthesis in rotavi-
rus-infected cells was inhibited by the g8A, g8C, and g8D
siRNAs (Fig. 3A), the same siRNAs that were efficient in
inhibiting protein synthesis (Fig. 1A). The g8B siRNA caused
a limited reduction of dsRNA synthesis, a finding consistent
with its failure to effectively inhibit protein synthesis (Fig. 1A).
Electrophoretic analysis of total RNA synthesized in the in-
fected cells showed that inhibition of protein synthesis by the
g8D siRNA was correlated with the lack of accumulation of the
g8 plus-strand RNA, as well as all other viral plus-strand RNAs
(Fig. 4A). Because the siRNA targeted only the g8 plus-strand
RNA for degradation, the decreased accumulation of the other
viral mRNAs suggests a need for the g8 plus-strand RNA, or
its gene product NSP2, to provide conditions adequate for
amplification of viral transcription in the infected cell.

(iii) Virus assembly. Plaque titrations revealed that the ac-
tion of the g8D siRNA led to an �10-fold decrease in the

FIG. 1. Viral protein expression in siRNA-transfected cells. MA104 cells were transfected with the indicated siRNA, infected with SA11-5N
(A and C) or DxRRV (B), and maintained in 35S-labeled amino acids. Lysates prepared from the cells at 18 h p.i. were analyzed for viral proteins
by gel electrophoresis and autoradiography (lower panels) and by Western blot assay (upper panels). The specificity of the antibodies used in
Western blot assays is given. Lysates prepared from cells neither transfected with siRNA nor infected with virus (uninfected) or infected with virus
but not transfected with siRNA (no siRNA), were also analyzed.
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FIG. 2. IF analysis of the effect of siRNAs on intracellular accumulation of viral proteins. MA104 cells were transfected with the appropriate
siRNA and infected with SA11-5N (A and C) or DxRRV (B). At 12 h p.i., the cells were processed for IF by using the indicated primary antibodies
(�) and Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary antibodies. Cell nuclei were visualized by DAPI staining. For comparison
purposes, panel C includes a cell that was not infected (arrowhead).
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assembly of infectious virions in SA11-5N-infected cells (Fig.
5). Limitations in transfection efficiency (�80 to 90%) proba-
bly prevent the g8-specific siRNA from causing an even greater
decrease in plaque titer.

In summary, siRNAs directed against the g8 plus-strand
RNA had a negative impact on all phases of the virus replica-
tion cycle, including synthesis of all viral proteins, plus-strand
RNAs, and dsRNAs, the formation of viroplasms, and the
production of infectious virions. The mechanism for this effect
may be linked to the role that NSP2 plays in assembling the
viroplasms needed for genome replication and morphogenesis,
to the role that g8 plus-strand RNAs have as templates for
dsRNA synthesis, or to a combination of these.

Effect of g9-specific siRNAs on virus replication. (i) Protein
synthesis. Western blot analysis of cells infected with the re-
assortant virus DxRRV and transfected with g9-specific
siRNAs identified three (g9B, g9C, and g9D) that were highly
effective in inhibiting VP7 expression (Fig. 1B). Although the
g9B, g9C, and g9D siRNAs suppressed VP7 expression, the
analysis also showed that the siRNAs did not cause a reduction
in VP6 expression. Similarly, 35S radiolabeling of the trans-
fected cells indicated that the g9-specific siRNAs did not in-
hibit the expression of viral proteins other than VP7 (Fig. 1B).
Hence, unlike the nonspecific reduction of viral protein expres-
sion that was observed with the use of g8-specific siRNAs, the
effect of the g9-specific siRNAs was apparently limited to the
expression of only a single protein. This indicates that efficient
expression of the other gene products was not dependent on
VP7, the opposite of what was observed for NSP2.

The glycoprotein VP7 accumulates at the rough endoplas-
mic reticulum (RER) of the infected cell and assembles
around DLPs to form TLPs, as the particles bud into the RER
(3). This event is believed to be facilitated by NSP4, a viral
RER-resident protein, which because of its affinity for VP6 has
been suggested to recruit newly formed DLPs from viroplasms
to the RER (2, 21). As noted above, IF detection of NSP5 in
infected cells showed that the IR siRNA did not interfere with

viroplasm formation (Fig. 2B). IF analysis of the IR siRNA-
transfected cells also showed that VP6 accumulated in viro-
plasms, an observation consistent with these structures serving
as sites of DLP assembly. Likewise, IF detection of NSP5 in
infected cells containing the g9D siRNA showed that suppres-
sion of VP7 synthesis did not impede viroplasm formation.
However, this siRNA did induce a marked change in the dis-
tribution of the VP6 signal detected in the cell, with a large
proportion no longer displaying an association with viroplasms.
The nature of the VP6 signal localizing outside the viroplasms
is not known but most likely represents accumulating DLPs,
although the possibility that the signal represents unassembled
protein cannot be excluded.

(ii) RNA synthesis. PAGE analysis showed that the g9-spe-
cific siRNAs did not interfere with the accumulation of
dsRNAs in infected cells (Fig. 3B). Thus, although the g9B,
g9C, and g9D siRNAs were effective in preventing the use of
g9 plus-strand RNAs as templates for VP7 expression, these
siRNAs did not inhibit the use of g9 plus-strand RNAs as
templates for dsRNA synthesis. An electrophoretic analysis of
total RNA recovered from infected cells also indicated that the
g9D siRNA did not affect the accumulation of the single-
stranded forms of viral plus-strand RNAs (Fig. 4A). However,
in this analysis, any impact that the g9D siRNA may have had
on the level of g9 plus-strand RNAs in the infected cell could
have been masked by the near comigration of the g7, g8, and
g9 plus-strand RNAs on the gel.

To provide more precise insight into the effect of the g9D
siRNA on the intracellular accumulation of the single-stranded
form of the g9 plus-strand RNA, total RNA from cells that
were mock transfected or transfected with g9D or IR siRNAs
were resolved by electrophoresis and transferred to a nylon
membrane. Probing of the membrane with radiolabeled RNAs
showed that the g9D siRNA caused an �60% reduction in the
level of g9 plus-strand RNA, relative to a constant amount of
g4 plus-strand RNA (Fig. 4B). Together, these results indi-
cated that the mechanism by which the g9-specific siRNAs

FIG. 3. Level of viral dsRNAs produced in siRNA-transfected cells. MA104 cells were transfected with the indicated siRNA and infected with
SA11-5N (A and C) or DxRRV (B). Cells were harvested at 18 h p.i. and analyzed for the presence of viral dsRNAs by PAGE and silver staining.
The positions of the 11 genome segments are labeled.
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acted to suppress VP7 expression was via the targeted degra-
dation of g9 plus-strand RNAs. Remarkably, although this
targeted degradation suppressed VP7 expression, it had no
effect on g9 dsRNA synthesis. Thus, the pool of g9 plus-strand
RNA which serves as a source of templates for translation
appears to differ in accessibility to RISC complexes from the
pool of g9 plus-strand RNA which serves as a source of tem-
plates for genome replication.

(iii) Virus assembly. Plaque assays showed that suppression
of VP7 synthesis by the g9D siRNA and the resultant inability
to form the outer protein shell of the virion led to a six- to
sevenfold decrease in infectious titer (Fig. 5). Given that VP7
was the only protein whose expression was suppressed in in-
fected cells containing the g9D siRNA, such cells may be
expected to support the assembly of DLPs but not their mat-
uration into TLPs. To evaluate this possibility, lysates were
prepared from DxRRV-infected cells that were either mock
transfected or transfected with g9D or IR siRNAs and then
maintained in 35S-labeled amino acids. Analysis of the lysates
by CsCl centrifugation showed that DLPs (� � 1.38 g/ml) were
the predominant particle type formed in cells containing the
g9D siRNA (Fig. 6A). In contrast, TLPs (� � 1.36 g/ml) were
the predominant particle type formed in cells containing either
no siRNA or the IR siRNA. Moreover, the level of DLPs
present in cells containing the g9D siRNA was much greater
than that of cells containing either the IR siRNA or no siRNA.
These results are not only reflected by the bands of virus
particles detected in the CsCl gradients but also by analysis of
fractions from the gradients for radioactivity and protein con-

strand RNAs were calculated by dividing their band intensities by the
corresponding intensities determined for g4 or g8 plus-strand RNAs,
respectively. The values were then normalized, with the value for the
IR samples taken as 100%.

FIG. 4. Level of viral plus-strand RNAs produced in siRNA-trans-
fected cells. MA104 cells were transfected with the indicated siRNA
and infected with SA11-5N or DxRRV. (A) After cells were main-
tained in [32P]orthophosphate from 3 to 9 h p.i., RNAs were recovered
and analyzed by electrophoresis on a urea-polyacrylamide gel and by
autoradiography. The positions of viral plus-strand RNAs (1 to 11) and
dsRNAs (ds1 to ds9) are shown. (B and C) Unlabeled RNAs were
recovered from cells at 6 h p.i., resolved by electrophoresis, and trans-
ferred to nylon membranes. Blots were probed with 32P-labeled RNAs
specific for SA11 g5 (SA11-g5PR) or g8 (SA11-g8PR) or for DxRRV
g4 (RRV-g4PR) or g9 (D-g9PR), and the intensity of the bands was
determined with a phosphorimager. The levels of the g9 and g5 plus-

FIG. 5. Effect of siRNAs on virus titers. Lysates from MA104 cells
infected with rotavirus and transfected with the indicated siRNA were
analyzed for virus titer by plaque assay. Titers obtained from three
separate assays performed in duplicate were averaged (values in pa-
rentheses [with standard errors]). Values were normalized to 100% for
lysates from cells transfected with IR siRNAs.
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tent (Fig. 6B and C). Hence, inhibition of VP7 expression by
the g9D siRNA led to an accumulation of DLPs.

The RdRp component of DLPs can function as a transcrip-
tase to drive the synthesis of viral plus-strand RNAs. Interest-
ingly, although the levels of DLPs in cells containing the g9D
siRNA was several times greater than that observed for cells
containing either the IR siRNA or no siRNA, 32P labeling of
total RNAs failed to show that greater levels of viral plus-
strand RNA were present in cells containing the g9D siRNA
(Fig. 4). The majority of DLPs in the siRNA-transfected cell
appear to be quiescent with respect to plus-strand RNA syn-
thesis, which suggests that no direct connection exists between
levels of DLPs in the cell and levels of transcription.

Effect of g5-specific siRNAs on virus-replication. (i) Protein
synthesis. Studies of rotavirus isolates with sequence rear-
rangements and nonsense mutations in the g5 genome segment
have indicated that NSP1 plays a nonessential role in the rep-
lication of the virus in the MA104 cell line (13, 27). The limited
available information on NSP1 suggests that the protein func-
tions to inhibit antiviral responses by suppressing the activity of
the interferon regulatory factor, IRF3 (11). Western blot anal-
ysis of cells infected with SA11-5N and transfected with g5-
specific siRNAs identified two (g5A and g5E) that were highly
effective in inhibiting NSP1 expression (Fig. 1C). Radiolabel-
ing showed that, although the g5A and E siRNAs significantly
reduced NSP1 expression, the siRNAs did not inhibit the syn-
thesis of other viral proteins. IF staining confirmed that the
g5E siRNA inhibited NSP1 expression but that this effect had
no impact on the formation of viroplasms (Fig. 2C).

(ii) RNA synthesis. PAGE analysis demonstrated that the
accumulation of viral dsRNAs in infected cells was not affected
by any of the g5-specific siRNAs (Fig. 3C). Analysis of total
RNA from infected cells also indicated that the g5E siRNA did
not interfere with the accumulation of any of the single-
stranded forms of the viral plus-strand RNAs, with the excep-
tion of that of the g5 plus-strand RNA (Fig. 4A). Specifically,
quantitation of band intensities with a phosphorimager sug-
gested that in cells transfected with the g5E siRNA, the
amount of g5 plus-strand RNA per constant amount of g6
plus-strand RNA was �50% of that of cells lacking this siRNA.
Northern blot analysis confirmed this observation, showing
that the g5E siRNA caused a 50% reduction in the intracellu-
lar levels of g5 plus-strand RNA per constant amount of g8
plus-strand RNA (Fig. 4C). Thus, although the g5E siRNA
caused the targeted degradation of a significant portion the g5
plus-strand RNA, the loss of the RNA affected NSP1 expres-
sion and not genome replication.

(iii) Virus assembly. Plaque assays performed on infected
cell lysates revealed that inhibition of NSP1 synthesis by the
g5E siRNA did not affect the assembly of infectious particles
(Fig. 5). Although our results with the g5-specific siRNAs do
not address whether NSP1 has an essential role in the life cycle
of the virus in its natural host, the data clearly support the
hypothesis that NSP1 is not essential for replication of the virus
in MA104 cells.

Localization of transcription to viroplasms. The results pre-
sented above indicated that the g5E and g9D siRNAs inhibited
the expression of NSP1 and VP7, respectively, without affect-
ing genome replication. This indicates that the plus-strand
RNAs used as templates for dsRNA synthesis were not acces-

FIG. 6. Impact of g9-specific siRNA on virion assembly. MA104
cells were mock transfected or transfected with the g9D or IR siRNA,
infected with DxRRV, and then maintained in 35S-labeled amino acids.
DLPs and TLPs produced in the cells were resolved by CsCl centrif-
ugation. (A) Bands of virus particles in the gradients were visualized
with an inverted light source. (B) Fractions (three drops each) col-
lected from the gradients in regions containing the bands were ana-
lyzed for density and for radioactivity in 10-�l aliquots. (C) Fractions
containing DLPs (two to four in panel B) and TLPs (six to eight) were
pooled and examined for protein content by PAGE and autoradiog-
raphy.
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sible to RISC and were therefore located at sites distinct from
the plus-strand RNAs directing protein synthesis. Since viro-
plasms are the probable sites of dsRNA synthesis, the inability
of the g5- and g9-specific siRNAs to inhibit genome replication
implies that the plus-strand RNAs within these inclusions are
inaccessible to RISC. If the ultimate source of the g5 and g9
plus-strand RNAs that function as templates for dsRNA syn-
thesis is outside the viroplasm and it is the same source of
plus-strand RNAs that directs protein synthesis, then the g5E
and g9D siRNAs should have inhibited genome replication in
the cell. Because this was not the case, it can be postulated that
the plus-strand RNAs that serve as templates for genome rep-
lication originate not from outside viroplasms but from within
these structures.

To identify intracellular sites of RNA synthesis, rotavirus-
infected cells were treated with actinomycin D to block host
replication and transcription and then transfected with
BrUTP for 30 min beginning at 8.5 h p.i. After fixation and

permeabilization of the cells, the location of newly made
RNA was determined by using anti-BrdU antibody and the
location of viroplasms was determined by using anti-NSP2
antibody. The analysis showed that BrU-labeled RNA accu-
mulated in viroplasms during the 30-min incubation period
with BrUTP, suggesting that these inclusions represented
sites of viral RNA synthesis (Fig. 7B). In comparison, weak
or no anti-BrdU IF signal (red) was detectable in cells that
had been mock transfected and thus lacked BrUTP (Fig.
7A). The absence of signal in the mock-transfected cells
confirmed that the anti-BrdU antibody specifically recog-
nized BrU-labeled RNA and did not cross-react with viro-
plasmic proteins or RNA lacking the nucleotide analog. It is
unlikely that the BrU label in the newly synthesized dsRNA
in infected cells would be accessible to anti-BrdU antibody
because of the coordinated nature of genome packaging and
replication. Specifically, the absence of naked dsRNA in
infected cells and the observation that replicase activity is

FIG. 7. Intracellular sites of RNA synthesis in rotavirus-infected cells. MA104 cells were infected with SA11-5N, treated with actinomycin D,
and maintained in the absence of BrUTP (A) or in the presence of BrUTP from 8.5 to 9 h p.i. (B). Alternatively, the infected cells were maintained
in actinomycin D from 8.5 to 9 h p.i. and then semifixed with paraformaldehyde, permeabilized with Triton X-100, and incubated in transcription
buffer containing BrUTP (C). Subsequently, the cells were processed for IF analysis by using NSP2- and BrdU-specific antibodies.
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associated with core-like replication intermediates that are
partly covered with VP6 (10, 25) provides strong evidence
for the movement of plus-strand RNAs into cores as minus-
strand synthesis occurs. Hence, the anti-BrdU IF signal can
be predicted to reflect only the location of newly made
plus-strand RNA in the infected cell. The detection of the
anti-BrdU signal in viroplasms suggests that these structures
represent sites of plus-strand synthesis.

To further support the prediction that dsRNA produced
during the BrUTP-labeling period of 8.5 to 9 h p.i. was pack-
aged and thus inaccessible to the anti-BrdU antibody, rotavi-
rus-infected MA104 cells were labeled during the same time

period with [32P]orthophosphate. Cytoplasmic extracts recov-
ered from these cells were incubated in the absence or pres-
ence of RNase V1, an RNase that specifically degrades duplex
RNA (Fig. 8). Analysis of the reaction mixtures by PAGE
showed that the newly made 32P-labeled dsRNA was resistant
to digestion by the RNase unless deproteinized beforehand by
phenol-chloroform extraction. These data are consistent with
the concept that the newly made dsRNA was packaged into
core-like replication intermediates. Given that RNase V1, a
15.9-kDa protein, did not have access to the newly made
dsRNA, the possibility that the much larger anti-BrdU immu-
noglobulin would have access to the packaged dsRNA is re-
mote.

Although the in vivo BrU-labeling results were consistent
with the idea that plus-strand RNAs are made in viroplasms,
they did not exclude the possibility that the plus-strand RNAs
were initially made elsewhere and then rapidly transported to
the viroplasms. To further address the question of whether
plus-strand RNAs were made in viroplasms, rotavirus-infected
cells were treated with actinomycin D and then, at 9 h p.i.,
semifixed with paraformaldehyde and permeabilized with Tri-
ton X-100. The cells were incubated in transcription buffer
containing BrUTP to allow for a brief period of viral RNA
synthesis. Subsequently, the cells were completely fixed, and
the locations of BrU-labeled RNA and viroplasms were deter-
mined by IF assay (Fig. 7C). The analysis showed that BrU-
labeled RNA was produced in vitro within viroplasms con-
tained in the semifixed cells. Thus, viroplasms are likely to be
an important site of transcription in the infected cells, and
plus-strand RNAs made in viroplasms are probably the source
of the template RNAs used in genome replication.

Cytoplasmic trafficking of plus-strand RNAs. If the source
of templates for dsRNA synthesis is plus-strand RNAs synthe-
sized in viroplasms, then the need for pathways to transport
plus-strand RNAs to these inclusions seems questionable. To
assess whether pathways exist that transport plus-strand RNAs
to viroplasms, capped, BrU-labeled g9 plus-strand RNA was
made by T7 transcription. The RNA was transfected into ro-
tavirus-infected cells at 1 h p.i., and, at 9 h p.i., the locations of
the RNA and viroplasms were determined by IF assay with
anti-BrdU and anti-NSP2 antisera. The analysis showed that
the BrU-labeled RNA collected into punctate centers within

FIG. 8. Resistance of newly made viral dsRNA to degradation by
dsRNA-specific RNase. MA104 cells were infected with SA11-5N or
mock infected, treated with actinomycin D, and maintained in the
presence of [32P]orthophosphate from 8.5 to 9 h p.i. Cytoplasmic
extracts prepared from infected cells were incubated in the absence
(lane 1) or presence (lane 2) of RNase V1 or deproteinized by phenol-
chloroform extraction prior to incubation with RNase V1 (lane 3). An
extract from mock-infected cells was incubated in the absence of
RNase V1 (lane 4).

FIG. 9. Fate of viral RNA transfected into rotavirus-infected cells. MA104 cells were infected with SA11-5N and, at 1 h p.i., transfected with
BrU-labeled g9 plus-strand RNA. Cells were processed at 9 h p.i. for IF analysis with NSP2- and BrdU-specific antibodies.
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the cytoplasm (Fig. 9) but that these centers of accumulation
did not correspond to viroplasms. These data suggest that
pathways capable of trafficking viral plus-strand RNAs to vi-
roplasms do not exist in the cytosol of infected cells, a finding
consistent with the concept that templates for dsRNA synthesis
arise from within and not outside these inclusions. Similar
results were obtained regardless of whether the infected cells
were transfected at 5 h p.i. instead of at 1 h p.i. or whether the
infected cells were transfected with nonviral RNA instead of
rotavirus specific RNA (data not shown). The distribution pat-
tern of BrU-labeled RNA transfected into mock-infected cells
was the same as that observed upon transfection of infected
cells (data not shown).

DISCUSSION

We have identified siRNAs specific for g5, g8, and g9 plus-
strand RNAs that efficiently suppressed the production of
NSP1, NSP2, and VP7, respectively, in rotavirus-infected cells.
The inhibition of NSP1 and VP7 expression was correlated
with gene-specific reductions in the levels of the g5 and g9
plus-strand RNAs. Interestingly, the degrees to which the ex-
pression of NSP1 and VP7 were reduced were much greater
than the degrees to which the levels of the g5 and g9 plus-
strand RNAs were reduced. We can conclude from this that
the subset of plus-strand RNAs involved in protein expression
is more susceptible to siRNA-induced degradation than the
population of plus-strand RNAs as a whole and that the non-
susceptible subset of plus-strand RNAs may not represent a
source of transcripts for translation, at least at later times of
infection (�9 h p.i.).

Despite their ability to suppress the expression of NSP1 and
VP7 and cause reductions in the levels of their template plus-
strand RNAs, the g5- and g9-specific siRNAs did not alter the
levels of dsRNA synthesis in infected cells. Thus, it is the
subset of plus-strand RNAs which directs protein synthesis and
not dsRNA synthesis that is susceptible to degradation. Vari-
ous observations have indicated that viroplasms represent sites
in which the viral genome is replicated and packaged within
cores and that translation occurs in the cytosol, outside these
structures. These observations include recognition that the
RNA polymerase VP1 and core lattice protein VP2 accumu-
late in viroplasms, whereas the viral translation enhancement
protein NSP3 and translation initiation factor eIF4G accumu-
late outside viroplasms (28; unpublished results). Thus, sus-
ceptibility of plus-strand RNAs to siRNA-induced degradation
can be connected to their intracellular location, with RNAs in
viroplasms resistant to degradation and those outside of viro-
plasms sensitive to degradation.

Although the effect of the g5- and g9-specific siRNAs was to
cause an intermediate decrease in the levels of the g5 and g9
plus-strand RNAs, the g8-specific siRNA caused a decrease to
near-background levels of all 11 plus-strand RNAs. Significant
reductions were also seen in the production of viral dsRNAs,
protein, and progeny virions. Hence, all processes in the viral
life cycle were inhibited by the siRNA-induced degradation of
just the g8 plus-strand RNA. In unpublished experiments, we
have observed similar broad suppressive effects on virus repli-
cation by siRNAs targeted to plus-strand RNAs encoding VP1,
VP2, VP6, and NSP5. Thus, the phenotype produced by the

g8-specific siRNA is not unique but apparently common to all
siRNAs that induce degradation of plus-strand RNAs encod-
ing proteins necessary for RNA amplification. This includes
both the structural proteins needed for assembly of DLPs and
the nonstructural proteins needed for formation of viroplasms.
In addition to playing an essential role in viroplasm formation,
NSP2 also has affinity for single-stranded RNA (17), hydro-
lyzes NTPs (31), destabilizes RNA-RNA duplexes (32), and
may interact with the viral RNA polymerase (16). Because of
its multifunctional nature, we cannot exclude the possibility
that suppression of virus replication by g8-specific siRNAs
stems not only from a loss of viroplasm formation in the in-
fected cell but also from a loss of one or more of the other
activities associated with NSP2.

A significant uncertainty in our understanding of rotavirus
biology has been the origin of the plus-strand RNAs that serve
as templates for dsRNA synthesis. Hypotheses have been put
forth for this and other members of the Reoviridae that plus-
strand RNAs produced outside viroplasms are transported to
these structures via mechanisms mediated by one or more of
the viral RNA-binding proteins (4, 20). Suggestions have been
made that competition between VP1 and NSP3 dictates
whether rotavirus plus-strand RNAs are directed to viroplasms
or polysomes, and thus these proteins would govern relative
levels of replication and translation. However, given our find-
ings indicating that plus-strand RNAs outside of viroplasms
are uniquely sensitive to degradation by RISC, it seems unrea-
sonable to predict that this pool of plus-strand RNAs would
serve as the ultimate source of templates for dsRNA synthesis.
Otherwise, we would anticipate that the degradation of plus-
strand RNAs outside viroplasms would have the downstream
effect of reducing the amount of RNA that could be translo-
cated to viroplasms, thereby reducing the level of dsRNA syn-
thesis in the infected cell.

The resistance of plus-strand RNAs templating dsRNA syn-
thesis to siRNA-induced degradation led us to identify sites of
RNA synthesis in the infected cell by using the UTP-analog,
BrUTP, and a monoclonal antibody recognizing the analog.
Because rotavirus dsRNAs do not exist in a naked form within
the cell but are sequestered inside of capsid assembly interme-
diates as they are made (10, 25), the anti-BrdU antibody can
interact with newly made naked BrU-labeled plus-strand
RNAs but not with newly made packaged BrU-labeled
dsRNAs. Hence, BrUTP and its antibody can identify intra-
cellular sites of viral transcription (plus-strand synthesis) but
not replication (minus-strand synthesis). Both in vivo pulse-
labeling of intact infected cells and in vitro transcription assays
performed with semifixed infected cells indicated that viro-
plasms are sites of plus-strand RNA synthesis. These results,
combined with those from experiments with siRNAs, suggest
that plus-strand RNAs templating dsRNA synthesis are pro-
vided by transcriptionally active DLPs associated with viro-
plasms. If so, then both plus-strand and minus-strand RNA
synthesis occur at the same site in the infected cell, negating
the need for viral proteins to transport to the viroplasm the
many copies of plus-strand RNAs that would be required to
form the genome segments of progeny virions.

From our findings, we propose the following model for
events related to plus-strand RNA synthesis. After virion entry
and loss of the outer capsid shell, DLPs initiate transcription
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within the cytoplasm, leading to the synthesis of plus-strand
RNAs that are incorporated into polysomes and translated to
produce viral proteins. At least some of the DLPs then serve as
focal points for the accumulation of newly made proteins into
viroplasms and are thereby incorporated into the inclusions.
Transcripts produced by DLPs in the viroplasms are captured
by one or more of the many viral RNA-binding proteins that
accrue in these inclusions (e.g., NSP2, NSP5, VP1, and VP2).
The captured plus-strand RNAs serve as sources of templates
necessary for genome replication and assembly of progeny
cores and DLPs. When the level of transcripts in the viroplasm
exceeds the binding capacity of the RNA-binding proteins, the
transcripts escape and can become incorporated into poly-
somes. Thus, viral gene expression is enhanced, and the addi-
tional proteins necessary for increasing the sizes and numbers
of viroplasms are produced. In this scenario, viroplasm devel-
opment becomes an autoregulatory process controlled by the
capacity of the RNA-binding proteins to capture transcripts
made by the DLPs within the inclusion.

The “capture” model requires no trafficking pathways that
direct the movement of plus-strand RNAs to viroplasms. Given
that BrU-labeled plus-strand RNAs transfected into infected
cells failed to localize to viroplasms, the existence of such
RNA-trafficking pathways seems doubtful. The lack of such
pathways may explain why attempts to develop a reverse ge-
netics system for rotavirus by transfection of recombinant plus-
strand RNAs into infected cells have failed. Such experiments
have been based on the idea that recombinant plus-strand
RNAs, when introduced into the cell, would be translocated to
viroplasms, where they would act as templates for dsRNA
synthesis and become packaged into progeny virions. The ab-
sence of RNA trafficking pathways to viroplasms requires con-
sideration of alternative approaches for engineering the rota-
virus genome.

The present study has demonstrated the remarkable useful-
ness of siRNAs as tools to study the molecular biology of
rotaviruses within the infected cell. Combined with an earlier
study demonstrating the suppression of VP4 production in
infected cells by using a g4-specific siRNA (5), this brings to
four the number of rotavirus genes successfully targeted by
using siRNAs. Targeting of the other rotavirus genes should
lead to additional insight concerning the contribution of the
viral proteins to genome replication and virion assembly.
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